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ABSTRACT: Fluorinated electroactive polymers (FEPs) are
among the most interesting insulating materials for the
production of organic electronic devices. Their ability to
tune their response to an applied electric ﬁeld makes them
appropriate for vastly diﬀerent applications in electronics.
However, due to the chemical inertness of such polymers and
the rather complex synthetic processes required for their
production, introducing additional functionality to FEPs
remains an open challenge. Here, we present a facile way to
introduce additional functionality to FEPs and more
speciﬁcally photopatternability by a simple etheriﬁcation method, which allows us to introduce almost any functional group
on FEPs. Photo-cross-linkable moieties were introduced on FEPs using this method, inducing photopatternability, while tuning
their electroactive response with great property enhancement up to 60% in terms of relative permittivity in several cases.
■ INTRODUCTION
If ﬂexible organic electronics are to be realized in a massive
scale, three classes of materials ought to be optimized. These
classes are conductors, semiconductors, and insulators, which
are the three essential components for any electronic device.
Organic conductors1 and semiconductors2 have been
extensively developed over the past 40 years, while research
on insulators with a high dielectric constant and thus high
performance is lagging far behind. Fluorinated electroactive
polymers (FEPs) are perhaps the most prominent class of
insulating polymers and are attracting increasingly high
interest both in industrial and laboratory ﬁelds.3 Poly-
(vinylidene ﬂuoride) (PVDF) and its copolymers dominate
this group due to their excellent dielectric properties as well
as their chemical and mechanical stability. Furthermore, their
electroactive properties, varying from ferroelectric4 to relaxor-
ferroelectric,5 signiﬁcantly increase their scope of application.
Due to the diﬃculty in controlling the synthesis of such
polymers, adding further functionality, although essential to
broaden their application, still remains an open challenge.6,7
Some eﬀorts toward this direction have been recently
demonstrated by the preparation of block copolymers of
P(VDF-co-TrFE) with polystyrene or poly(2-vinyl-pyridine)
to tailor the electroactive response from ferroelectric to
relaxor-ferroelectric and linear dielectric.6 Despite the very
interesting ﬁndings, a large increase in leakage current was
observed for the prepared polymers, creating a main
bottleneck for their potential application. Also, the used
solution polymerization processes for the polymerization of
VDF and TrFE make that approach noncompatible with
industrial standards that rely exclusively on miniemulsion8 or
suspension9 polymerizations in aqueous media. In other
attempts to tune the electroactive properties of FEPs, grafting
strategies have been explored, where side chains appear to
induce antiferroelectric-like behavior to the electroactive
polymers, by providing an insulating layer to the ferroelectric
crystals.10,11 However, the controlled radical polymerization
(ATRP) process used in these cases makes them unattractive
for industrial scale as extensive puriﬁcation steps to remove
all copper residues can signiﬁcantly increase the production
costs. Grafting of a polymer chain containing highly
polarizable hydroxyl (OH) groups has been reported to
have positive impact both on the dielectric and ferroelectric
properties of PVDF-based ﬂuoropolymers,12 limited only by
an increased leakage current and a decrease in crystallinity.
An eﬀort to introduce additional functionality to the
electroactive properties, and more speciﬁcally photopattern-
ability, has been recently reported by our group.13 In this
approach, photosensitive azide groups were grafted on
relaxor-ferroelectric P(VDF-ter-TrFE-ter-CTFE), making it
photo-cross-linkable while maintaining its electroactive
properties. These polymers were used as negative photoresists
in a photolithographic process, broadening the scope of
application of FEPs. Despite all of the advantages that this
approach brought, some limitations hinder its potential for
commercialization. First, this approach provided a speciﬁc
tool to graft azide groups on CTFE containing ﬂuoropol-
ymers, but no ﬂexibility in terms of the grafted group was
possible. The second and maybe even more important
limitation is that cross-linking appears to have a detrimental
impact on both the dielectric and ferroelectric properties of
these polymers. Finally, the azide chemistry is also quite
restricted at the industrial level.
We were thus looking for an alternative approach that
would allow us to introduce functionality on FEPs while
being versatile as the grafted group and ideally maintaining or
even enhancing the electroactive properties.
■ EXPERIMENTAL SECTION
Materials. Unless otherwise stated, all chemicals were purchased
from Acros Organics or Merck Chemicals and used without any
further puriﬁcation. The statistical terpolymers P(VDF-ter-TrFE-ter-
CTFE) were provided by Arkema-Piezotech (France). Argon was
supplied by Air Liquid with at least 99.99% purity.
Synthesis. Typical modiﬁcation reactions were performed using
standard Schlenk techniques. For the 4-hydroxy benzophenone
grafting reaction on P(VDF-ter-TrFE-ter-CTFE) (61.7/28.3/10), 1 g
of terpolymer was dissolved in 25 mL of acetone in a 50 mL glass
Schlenk ampoule. 4-Hydroxy benzophenone (0.8 g, 4.0 mmol) and
potassium carbonate (0.7 g, 5.6 mmol) were mixed in acetone (15
mL). The glass Schlenk ampoule was sealed under argon and heated
to 60 °C in the dark for 1 h. Then, the second solution was ﬁltered
and added to the ﬁrst to remove the excess of the base. The glass
ampoule was sealed and left in the dark at 60 °C for 16 h to react.
A few drops of condensed HCl were added after the end of the
reaction, and the polymer was precipitated in water and washed with
water, ethanol, and chloroform for several hours to remove any
impurities. Then, it was dried in a vacuum oven at 40 °C for 12 h.
For the 2-hydroxy anthraquinone grafting reaction on P(VDF-ter-
TrFE-ter-CTFE) (61.7/28.3/10), 5 g of terpolymer were dissolved
in 100 mL of dimethyl formamide (DMF) in a 250 mL glass
Schlenk ampoule. 2-Hydroxy anthraquinone (1.4 g, 6.4 mmol) and
potassium carbonate (1.32, 9.6 mmol) were mixed in dimethyl
formamide (DMF) (100 mL). The glass Schlenk ampoule was
sealed under argon and heated to 80 °C in the dark for 1 h. Then,
the second solution was ﬁltered and added to the ﬁrst to remove the
excess of the base. The glass ampoule was sealed and left in the dark
at 80 °C for 16 h to react. The polymer was precipitated in water
and then washed with water, ethanol, and chloroform for several
hours to remove any impurities. Then, it was dried in a vacuum
oven at 40 °C for 12 h.
Instruments and Characterization. 1H NMR and 19F NMR
spectra were recorded on a Bruker Advance DPX 400 MHz
spectrometer. All samples were prepared in deuterated acetone (d6).
FT-IR spectra were recorded on a Bruker Vertex 70 using diamond
ATR spectroscopy. The diﬀerential scanning calorimetry (DSC)
thermograms were recorded by a TA Instruments DSC Q100 RCS.
The DSC analysis was performed from 0 to 200 °C at a heating or
cooling rate of 10 °C/min. A ﬁrst heating ramp was used to erase
the thermal history and solvents traces of the polymer powders
while the ﬁrst cooling and second heating ramps were recorded.
Broadband dielectric spectroscopy of metal−polymer−metal devices
was performed on a Solartron 1260 A impedance analyzer.
Displacement hysteresis loops of the metal−polymer−metal devices
were recorded at room temperature using a TF analyzer 2000E from
aixACCT Systems. A continuous triangular wave with a frequency of
10 Hz was used. UV−visible absorption spectra were recorded on
self-standing ﬁlms using a Shimadzu spectrophotometer UV-3600.
Atomic force microscopy (AFM) was performed on spin-coated
polymer ﬁlms by a Dimension Fast Scan from Bruker in tapping
mode. Photolitography was performed on an EVG6200 mask
aligner. Film thicknesses were measured by a Bruker Dektak XT-A
stylus proﬁlometer.
Simultaneous SAXS−WAXS experiments were performed on a
Xenocs Nano-inXider SW system in transmission mode using Cu
Kα radiation (λ = 1.54 Å) from an X-ray microsource (GeniX3D)
operating at 50 kV and 0.6 mA (30 W). Scattering patterns were
collected using the combination of two detectors Pilatus3 (Dectris)
operating simultaneously in SAXS and WAXS positions. Distances
between the sample and SAXS and WAXS detectors are ﬁxed
allowing a continuous q range between 0.005 and 4.2 Å−1 (2θ range
between 0.07 and 62°). The SAXS and WAXS proﬁles are treated to
extract structural quantitative values: the long period, LP, the
interplanar distances, d, and the crystallinity, χc. We have already
published14 the detailed procedure used for the SAXS−WAXS
quantitative analysis.
Preparation of Patterned Thin Films. For benzophenone
containing P(VDF-ter-TrFE-ter-CTFE), a 4 wt % solution of the
benzophenone-modiﬁed polymer (4.4%) in cyclopentanone was
spin-coated on a silicon wafer at 500 rpm for 5 s and then at 1000
rpm for 1 min, yielding a 250 nm-thick ﬁlm. The wafer was soft-
baked before exposure at 130 °C for 5 min and subsequently cross-
linked by UV light under nitrogen, using a photolithographic mask.
The applied UV dose was 6 J/cm2. Then, the ﬁlm was postexposure
baked at 130 °C for 5 min. Finally, the patterned ﬁlm was
developed in a blend of one-ﬁfth cyclopentanone and four-ﬁfths
isopropanol for 1 min. Subsequently, the wafer was rinsed with
isopropanol and dried with compressed air.
For anthraquinone containing P(VDF-ter-TrFE-ter-CTFE), a 4 wt
% solution of the anthraquinone-modiﬁed polymer (0.6%) in
cyclopentanone was spin-coated on a silicon wafer at 500 rpm for
5 s and then at 1000 rpm for 1 min, yielding a 250 nm-thick ﬁlm.
The wafer was soft-baked before exposure at 250 °C for 5 min and
subsequently cross-linked by UV light under nitrogen, using a
photolithographic mask. The applied UV dose was 3 J/cm2. Then,
the ﬁlm was postexposure baked at 250 °C for 5 min. Finally, the
patterned ﬁlm was developed in a blend of one-ﬁfth cyclopentanone
and four-ﬁfths isopropanol for 1 min. Subsequently, the wafer was
rinsed with isopropanol and dried with compressed air.
Device Fabrication. The metal−polymer−metal devices were
fabricated as follows. Glass substrates were cleaned and sonicated in
acetone and isopropanol for 15 min. Then, a layer of aluminum (80
nm) was evaporated as the bottom electrode using a thermal
evaporator at a pressure of 1 × 10−6 mbar. Subsequently a 10 wt %
solution polymer dielectric layer was spin-coated at 500 rpm for 5 s
and at then 1000 rpm for 1 min. An aluminum top electrode (80
nm) was evaporated, creating a metal−insulator−metal device with
an area of 2 mm2. The devices were annealed at 110 °C for 1 h and
allowed to cool down slowly to room temperature.
■ RESULTS AND DISCUSSION
Synthesis and Chemical Characterization. To make
the grafting of diﬀerent groups on FEPs possible, we
developed a simple etheriﬁcation reaction that would allow
the grafting of any phenol containing functional group on the
ﬂuoropolymer’s backbone. Similar approaches have been
reported in the literature for the modiﬁcation of non-
electroactive ﬂuorinated polymers such as CTFE containing
ﬂuoropolymers.15 In our opinion, one of the main diﬃculties
in developing such method is the use of bases to activate the
phenol group since FEPs are known to be prone to
dehydroﬂuorination in the presence of bases.16 To overcome
this bottleneck, we introduced a two-step approach (Scheme
1) in which the phenol containing functional group is treated
with a base separately to activate the phenols and then
transferred after ﬁltration17 into a solution of ﬂuoropolymer,
where the reaction occurs, while minimizing the eﬀect of
dehydroﬂuorination.
Since making ﬂuoropolymers compatible with photo-
lithography is a topic of increasingly high interest to broaden
their scope of application, we decided to graft hydroxy-
functionalized photoinitiators on the ﬂuoropolymers to make
them photo-cross-linkable. We chose to use two diﬀerent
photoinitiator molecules, namely, benzophenone (BP) and
anthraquinone (AQ), as polymers bearing these molecules as
side groups have been reported in literature to cross-link
spontaneously upon exposure to UV light and thus act as
negative photoresists.18,19 The hydroxy-functionalized photo-
initiators are shown in Scheme 2.
Fluoropolymers with diﬀerent grafting degrees of the two
photoinitiators were synthesized by varying the feeding ratios.
All of the synthesized polymers were characterized by 1H and
19F NMR as well as FT-IR spectra, as shown in Figures 1, S1
and S3. The presence of the aromatic photoinitiator (PI) led
to the appearance of the signals at 7−8 ppm in the 1H NMR
spectra (Figure 1a,c), which was then used to calculate the
grafting degrees. New bands were also observed in the FT-IR
spectra (Figure 1b,d), indicating the presence of the C−H
and CO groups of the photoinitiators with progressively
increasing intensity with the PI content. At the same time,
the appearance of unsaturation was observed in both FT-IR
(Figure 1b,d) with the band at 1720 cm−1 and 1H NMR
(Figure 1a,c) with the appearance of signals at 6−6.7 ppm
and 19F NMR spectra (Figures S1 and S3). The absence of
any −OH traces both in the FT-IR and NMR spectra
strongly suggests that all of the PI groups are successfully
grafted on the ﬂuoropolymer chain. This was further veriﬁed
by size exclusion chromatography (Figures S2 and S4),
where, while the pristine ﬂuoropolymer has no absorption in
the UV detector, the ﬂuoropolymer grafted with photo-
initiators absorbs in UV, conﬁrming that the grafting reaction
was successful.
The grafting degrees were calculated from the 1H NMR
spectra using the following equation and are gathered in
Table 1.
∫
∫ ∫ ∫
=
+ + ×
grafting degree
aromatic protons/number of protons per PI
CHF of TrFE ( CH of VDF)/2 ( CH of double bonds) 2
7ppm
8ppm
5ppm
6ppm
2.2ppm
3.7ppm
2 6ppm
6.7ppm
As discussed above, in addition to the desired substitution
reaction, unsaturation was also created on the ﬂuoropolymer
backbone (Scheme 3) due to the basic nature of the used
phenoxides. The amount of double bonds was calculated for
each polymer from the 1H NMR spectra, as shown in Figure
1. The double bond contents are presented in Table 1. In all
cases, a considerable amount of double bonds was created;
however, the polymers maintained their solubility in common
solvents such as cyclopentanone and dimethyl formamide
(DMF) and that is mostly attributed to the two-step process
that was followed, which included the ﬁltration of the base.
In the cases that the base was not ﬁltered oﬀ, the polymers
would become black and lose their solubility.
Structure and Morphology Characterization. As the
desired electroactive properties are known to derive from the
crystalline state of these terpolymers,20,21 diﬀerential scanning
calorimetry (DSC) was used to get a ﬁrst estimation of the
eﬀect that the modiﬁcation reactions have on the polymer
crystallinity. After a ﬁrst heating, we observed from the ﬁrst
cooling ramp (Figure 2a,c) that when the grafting degree was
small (≤0.6%) the crystallization peak becomes sharper for
both photoinitiators, indicating more homogeneous crystal
Scheme 1. Two-Step Etheriﬁcation Reaction of
Functionalized Phenols on P(VDF-ter-TrFE-ter-CTFE):
First, the Phenol is Deprotonated with the Use of a Base
and Subsequently Filtered in a Solution of the Polymer,
where the Substitution and thus the Grafting Occur
Scheme 2. Chemical Structures of 4-Hydroxy
Benzophenone (BP) and 2-Hydroxy Anthraquinone (AQ)
Table 1. Reaction Conditions and 1H NMR Data for P(VDF-ter-TrFE-ter-CTFE) Grafted with Benzophenone (BP) and
Anthraquinone (AQ) Groups
equivalents of PI reaction time TrFE (1 H) 4.7−5.7 ppm double bonds (1 H) 6−7 ppm aromatic 7−8 ppm grafting degree
(1) 0 0 h 28.3 0% 0 0%
BP (2) 0.3 4 h 28.3 7.3% 3.7 (9 H) 0.4%
(3) 0.5 4 h 28.3 7.1% 9.2 (9 H) 1%
(4) 0.5 3 days 28.3 18% 59 (9 H) 6.5%
AQ (2) 0.1 3 days 28.3 6.2% 4.4 (8 H) 0.6%
(3) 0.3 3 days 28.3 8.6% 18.4 (8 H) 2.3%
(4) 0.5 1 day 28.3 14.6% 46 (8 H) 6%
size distribution, while being approximately at the same
temperature as the peak of the pristine polymer, which is an
indicator of a similar nucleation process. However, with
increasing the grafting degree, the crystallization peak shifts
to a lower temperature and for certain contents and above it
totally disappears, indicating a progressive hindering of
crystallization. During the second heating ramp, we observe
a signiﬁcant decrease of the melting enthalpy after grafting
and a small decrease of the melting temperature for grafting
degree higher than 1%. The quantitative data derived for the
DSCs are presented in Table 2.
To understand the evolution of the crystalline phases with
the chemical modiﬁcation, we performed simultaneous
SAXS−WAXS experiments on ﬁlms as cast and after 1 h
annealing at 110 °C, below the melting temperature.
Regardless of the modiﬁcation degree, WAXS spectra (Figure
3) exhibit a main Bragg peak at 2θ = 18° superimposed on a
broad signal associated to the amorphous phase. This Bragg
peak is associated with the interplanar distances of the RFE
orthorhombic pseudohexagonal phase described in a previous
work.14 When the degree of modiﬁcation increases, the
intensity of the RFE Bragg peak decreases considerably.
Furthermore, the peak becomes asymmetric and it shifts
toward higher 2θ angles. After annealing at 110 °C, below the
melting temperature, an increase of the Bragg peak intensity
is observed.
The spectra are decomposed into broad and sharp peaks
associated with amorphous and crystalline phases, respectively
(Figure 3d). Two crystalline peaks are sometimes needed to
reﬁne the main peak; these are the orange and blue ones.
The Bragg peak, at around 18°, is associated with interplanar
distances perpendicular to the chain direction; it corresponds
to the juxtaposition of two diﬀraction lines coming from the
(200) and (110) planes of the pseudohexagonal structure.
The width of this peak is due to both the separation of the
two peaks d200 and d110 and the extension of the crystal.
14
The black peak at around 2θ = 40° corresponds to the
juxtaposition of several Bragg peaks mostly characteristic of
the order along the chains.22 The interplanar distance, d, and
the width, Δ2θ, of the main Bragg peak are reported in Table
3 along with the crystallinity, χc.
Chemical modiﬁcation with benzophenone (BP) or
anthraquinone (AQ) induces a decrease of the interplanar
distance perpendicular to the chain direction and a thinning
of the diﬀraction line. We deduce that the pendent groups,
BP or AQ, are not incorporated in the crystalline phase.
However, surprisingly, crystallinity does not decrease for a
small amount of modiﬁcation, less than 2%. However, for a
Scheme 3. Reaction of the Fluoropolymer with the Base, Leading to the Formation of Unsaturation on the Polymer
Backbone
Figure 1. 1H NMR (400 MHz, acetone-d6) (a, c) and ATR FT-IR (b, d) spectra of P(VDF-ter-TrFE-ter-CTFE) grafted with diﬀerent
benzophenone (a, b) and anthraquinone (c, d) contents.
high degree of chemical modiﬁcation (>2%), a decrease of
the crystallinity and a broadening of the Bragg peak are
observed, showing the degradation of the crystalline order.
The thinning of the peak can be interpreted as an extension
of the correlation length in the crystalline lamellae plane or as
a small change of the crystalline cell toward the hexagonal
phase.
The Lorentz-corrected SAXS spectra (Figure 4) show the
evolution of the crystalline lamellae periodicity after chemical
modiﬁcations and after annealing. From the maximum of
these proﬁles, we deduced the period of the crystalline
lamellae, LP; this value is reported in Table 3.
We observe a signiﬁcant decrease of LP when the amount
of chemical modiﬁcation increases. This decrease is explained
by the nonincorporation of the pendent group in the
crystalline lamellae, leading to a decrease of the crystalline
lamella thickness. At the same time, the intensity increases
due to an increase of the contrast between crystalline and
amorphous lamellae. Pendent groups localized at the
crystalline and amorphous interface and in the amorphous
phase modify the electronic density and then the contrast.
After annealing, a major reorganization of the crystalline
lamellae is observed with a signiﬁcant increase of LP and the
appearance of well-deﬁned second-order diﬀraction peak. For
the lowest chemical modiﬁcations, 0.4% BP and 0.6% AQ,
the long periods, LP, are comparable with the period of the
unmodiﬁed terpolymer. Only the intensity diﬀers, as the
crystallinities are comparable (23−24%), we conclude on
diﬀerences in electronic density and/or in localization of BP
or AQ pendent groups.
To visualize the eﬀect that the modiﬁcation has on the
morphology of the polymers, spin-coated ﬁlms prepared with
the anthraquinone-modiﬁed ﬂuoropolymers were character-
ized by atomic force microscopy (AFM) in tapping mode.
The phase images, shown in Figure 5, conﬁrm that for a low
anthraquinone content (0.6%) the terpolymer’s rod-like
crystalline domains become larger with more homogeneous
size distribution (Figure 5b). However, when the anthraqui-
none content increases to 2.3%, the morphology become
granular, the domain size become much smaller (Figure 5c),
and ﬁnally the grains decrease even further in size for 6%
anthaquinone content.
Although the crystallinity obtained by solvent casting
(SAXS−WAXS) is higher than that obtained by cooling from
the melt (DSC), interesting correlations can be established
between the SAXS−WAXS and DSC experiments. From
WAXS measurements, we conclude that the pendent group
BP and AQ are not incorporated in the crystal. The expulsion
of the pendent group before crystallization explain the shift of
the crystallization exotherm measured in DSC. Due to their
nonincorporation in the crystal, a high amount of
modiﬁcation (>6%) hinders the crystallization. For a low
amount of modiﬁcation (<1%), the decrease of the
interplanar distance, the stability of the crystallinity, and the
signiﬁcant decrease of the Bragg peak width would indicate a
Figure 2. DSC thermograms showing the ﬁrst cooling (a, c) and second heating (b, d) of P(VDF-ter-TrFE-ter-CTFE) grafted with diﬀerent
benzophenone (a, b) and anthraquinone (c, d) contents.
Table 2. Summary of the Data Obtained by Diﬀerential
Scanning Calorimetry of Pristine, BP, and AQ-Modiﬁed
PVDF-TrFE-CTFE Terpolymer
crystallization melting
as synthesized
samples
temperature
(°C)
enthalpy
(J/g)
temperature
(°C)
enthalpy
(J/g)
pristine
terpolymer
90 13 123 14
benzophenone
(0.4%)
87 12 120 8
benzophenone
(1%)
79 9 116 5
benzophenone
(6.5%)
anthraquinone
(0.6%)
90 12 123 10
anthraquinone
(2.3%)
71 7 110 3
anthraquinone
(6%)
59 0.9
perfection of the crystalline order in the plane of the
crystalline lamellae, which can explain the observed thinning
of the crystallization exotherm and the well-deﬁned
morphology observed by AFM. The decrease of the
crystalline lamellae thickness explains the decrease in melting
temperature.
Photoresponsive Properties. Self-standing ﬁlms of the
polymers grafted with benzophenone and anthraquinone
groups were characterized by UV−vis spectroscopy (Figure
6). Both polymers show strong deep UV absorption peaks;
however, the terpolymer grafted with anthraquinone groups
shows an additional i-line absorption peak.
As mentioned above, one of the reasons that the
benzophenone and anthraquinone groups were chosen is
that they act as type II photoinitiators. Thus, when polymers
bearing these chromophores get exposed to UV light, triplet
Figure 3. Evolution of the WAXS spectra for the modiﬁed ﬂuorinated terpolymers for diﬀerent contents of (a) benzophenone and (b)
anthraquinone, (a, b) as cast and (c) after annealing at 110 °C for 1 h. An ampliﬁcation on the main Bragg peak is shown in each picture (a−
c). (d) WAXS spectra decomposition for the quantitative analysis; the amorphous phase appears in gray and the crystalline one in orange, blue,
and black.
Table 3. Summary of the Data Obtained by the Simultaneous SAXS−WAXS Experiments
before annealing after annealing, 1 h at 110 °C
drop cast ﬁlms d (Å)a Δ2θ (deg)a χc (%) LP (Å) d (Å)a Δ2θ (deg)a χc (%) LP (Å)
pristine terpolymer 4.84 0.85 20 300 4.85 0.82 23 490 (240)
benzophenone 0.4% 4.77 0.7 21 250 4.79 0.7 24 490 (200)
benzophenone 1% 4.77 0.72 20 210 4.78 0.65 20 330 (175)
anthraquinone 0.6% 4.82 0.62 21 280 4.82 0.66 24 510 (250)
anthraquinone 2.3% 4.74 0.8 19 200
anthraquinone 6% 4.74 1.1 9 150
ad is the interplanar distance associated with the Bragg peak (200)/(110) and Δ2θ is their full width at half-maximum.
Figure 4. Evolution of the SAXS spectra for the ﬂuorinated-modiﬁed terpolymers for diﬀerent contents of (a) benzophenone and (b)
anthraquinone, (a, b) as cast and (c) after annealing at 110 °C for 1 h.
ketyl biradicals are reversibly formed by transferring of a
nonbonding electron from the carbonyl oxygen to the
carbonyl π* orbital,23 as described in Scheme 4. If the
biradical does react during its half-life, the chromophore will
return to its ground state and will be available for further
excitation. However, if the ketyl biradical abstracts a
hydrogen from a neighboring polymer chain, it will turn to
a ketyl radical and a new alkyl radical will be formed on that
chain. Subsequently, neighboring radicals can recombine,
leading to the formation of a C−C bond and a cross-linked
polymer network. Alternatively, the ketyl radicals can insert in
C−H bonds (CHic-reaction), also leading to the formation of
a cross-linked network,24 as shown in Scheme 4. The cross-
linking mechanisms are almost identical for both photo-
initiators (Figure 7).
Photolithographic patterning processes were developed for
ﬂuoropolymers bearing both photoinitiators. The ultrahigh
molar mass of the used polymers, with a polymerization
degree greater than 2000, allows for very low cross-linker
contents to be suﬃcient for an inﬁnite network to be rapidly
formed at a low UV dose. Optical microscopy images of the
patterned ﬁlms are shown in Figures S10 and S11.
Dielectric and Ferroelectric Properties. The impact of
the diﬀerent modiﬁcation reactions on the dielectric proper-
ties was investigated by broadband dielectric spectroscopy at
temperatures ranging from 20 to 80 °C. The real part of the
relative permittivity (ε′r) at 1 kHz of the terpolymers grafted
with diﬀerent contents of benzophenone (BP) and
anthraquinone (AQ) was assessed in three diﬀerent cases.
First, the polymers were characterized as cast without any
further treatment (Figure 8a,b), then similar ﬁlms were
annealed at 110 °C for 1 h and allowed to cool down slowly
(Figure 8c,d), ﬁnally ﬁlms were exposed at UV light, and
then annealed (Figure 8e,f). It was observed that the
Figure 5. Phase AFM images of as-cast ﬁlms of the pristine (a) and
anthraquinone-modiﬁed P(VDF-ter-TrFE-ter-CTFE) terpolymers
with various anthraquinone contents (b−d).
Figure 6. UV−vis absorption of self-standing ﬁlms of P(VDF-ter-
TrFE-ter-CTFE) modiﬁed with benzophenone (blue) and anthra-
quinone (red).
Scheme 4. Reversible Excitation of the Benzophenone (A) and Anthraquinone (B) Moieties upon Irradiation with UV Light
and Subsequent Hydrogen Abstraction, Leading to the Formation of Free Radicals on the Polymer Backbone
Figure 7. Schematic representation of the photoinduced cross-
linking of P(VDF-ter-TrFE-ter-CTFE) polymers bearing either
benzophenone or anthraquinone pendent groups.
polymers grafted with low amounts of benzophenone (0.4%)
and anthraquinone (0.6%) showed improved performance in
terms of dielectric properties in all cases, while increasing
either the benzophenone or the anthraquinone content leads
to deteriorated properties. The highest observed enhance-
ment in dielectric properties occurred for the annealed
anthraquinone (0.6%) polymer, where a 60% increase in
relative permittivity was observed at the peak temperature
(40 °C), with the relative permittivity up to 65 compared to
40 for the pristine polymer. The annealing step was shown to
improve the dielectric properties of all ﬁlms; however, the
largest improvement was again observed for this particular
anthraquinone-modiﬁed polymer (0.6%) polymer, as shown
in Figure 8. Exposure to UV light (6 J/cm2) was shown to
have a negative impact on the dielectric properties of the
various polymers (Figure 8e,f). However, despite the slight
decrease in ε′r for the exposed ﬁlms, the benzophenone
(0.4%) and anthraquinone (0.6%) polymers still exhibited
enhanced properties compared to the pristine P(VDF-ter-
TrFE-ter-CTFE), which was used as a reference.
A similar pattern was observed in the evolution of the
ferroelectric properties with increasing the photoinitiator (PI)
content. Again, the ﬁlms were characterized in three steps, as
cast (Figure 9a,b,e,f), after annealing (Figure 9c,d,g,h), and
ﬁnally after exposure to UV light and subsequent annealing
(Figure S12). Enhanced ferroelectric response was observed
in all three steps of characterization for the low PI content
polymers. Grafting diﬀerent groups was shown to have an
impact on the ferroelectric character, with double hysteresis
loop (DHL) behavior being observed for the pristine- and
the anthraquinone-modiﬁed polymers. On the other hand,
the benzophenone-modiﬁed polymers showed single hyste-
resis loop (SHL) behavior, which is an indicator of stronger
pinning eﬀect that inhibits the ﬁeld-induced hysteresis caused
by the relaxor-ferroelectric (RFE) to ferroelectric (FE)
transition.
The annealing step had no great impact on the ferroelectric
properties, contrary to the dielectric properties, where the
impact was much more pronounced. At high PI contents, the
polymers behave as linear dielectrics, as the crystallinity is
very low, causing most of the dipoles to be located in the
amorphous lattice and thus not to interact with each other,
giving rise to almost zero hysteresis, a characteristic of linear
dielectrics.
■ CONCLUSIONS
A general method enabling the introduction of additional
functionality to FEPs was developed in this work. Relaxor-
ferroelectric P(VDF-ter-TrFE-ter-CTFE) polymers were func-
tionalized with photoinitiator groups via a simple ether-
iﬁcation reaction, and the produced cross-linkable polymers
exhibited in some cases enhanced electroactive properties
even when compared to the state-of-the-art pristine polymers.
Figure 8. Real part of the relative permittivity (1 kHz) as a function of temperature for P(VDF-ter-TrFE-ter-CTFE) functionalized with diﬀerent
contents of benzophenone (left) and anthraquinone (right) as cast (a, b), as annealed at 110 °C for 1 h (c, d), and after exposure to 6 J/cm2 of
UV light and subsequent annealing.
The enhancement in terms of relative permittivity was as
much as 60% for the anthraquinone (0.6%) containing
polymer, where the dielectric constant increased from 40 to
65 at 40 °C. This property enhancement was attributed to
the perfection of the crystalline order, expressed by the
decrease of the interplanar distance and the Bragg peak
width. Despite this method being used in the context of this
report primarily to induce photopatternability and tune the
electroactive properties of FEPs, it is by no means limited to
such use, as it allows for the grafting of diﬀerent functional
groups in diﬀerent kinds of ﬂuorinated polymers.
Figure S1, 19F NMR at 376.5 MHz of benzophenone-
grafted P(VDF-ter-TrFE-ter-CTFE) terpolymer; Figure
S2, SEC in DMF of the pristine- and the
benzophenone-grafted P(VDF-ter-TrFE-ter-CTFE) ter-
polymer with 6.5% benzophenone content; Figure S3,
19F NMR at 376.5 MHz of anthraquinone-grafted
P(VDF-ter-TrFE-ter-CTFE) terpolymer; Figure S4,
SEC in DMF of the pristine- and the anthraquinone-
grafted P(VDF-ter-TrFE-ter-CTFE) terpolymer with
Figure 9. Ferroelectric testing at room temperature of P(VDF-ter-TrFE-ter-CTFE) functionalized with diﬀerent contents of benzophenone (BP)
and anthraquinone (AQ), before and after annealing at 110 °C for 1 h: displacement (left) and current (right).
0.6% anthraquinone content; Figure S5, thermal
gravimetric analysis of the pristine- and the anthraqui-
none-grafted P(VDF-ter-TrFE-ter-CTFE) terpolymer
with 0.6% anthraquinone content; Figure S6, FT-IR
spectra of 4-hydroxy benzophenone; Figure S7, FT-IR
spectra of 2-hydroxy anthraquinone; Figure S8, optical
microscope picture of patterned benzophenone-modi-
ﬁed P(VDF-ter-TrFE-ter-CTFE) terpolymer; Figure S9,
optical microscope picture of patterned anthraquinone-
modiﬁed P(VDF-ter-TrFE-ter-CTFE) terpolymer; Fig-
ure S10, ferroelectric testing at room temperature of
P(VDF-ter-TrFE-ter-CTFE) functionalized with diﬀer-
ent benzophenone and anthraquinone contents (PDF)
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